Today, 35-77 million Bangladeshis drink arsenic-contaminated groundwater from shallow tube wells. Arsenic remediation efforts have focused on the development and dissemination of household filters that frequently fall into disuse due to the amount of attention and maintenance that they require. A community scale clean water center has many advantages over household filters and allows for both chemical and electricity-based technologies to be beneficial to rural areas. Full cost recovery would enable the treatment center to be sustainable over time. ElectroChemical Arsenic Remediation (ECAR) is compatible with community scale water treatment for rural Bangladesh. We demonstrate the ability of ECAR to reduce arsenic levels > 500 ppb to less than 10 ppb in synthetic and real Bangladesh groundwater samples and examine the influence of several operating parameters on arsenic removal effectiveness. Operating cost and waste estimates are provided. Policy implication recommendations that encourage sustainable community treatment centers are discussed.
Introduction
Arsenic in drinking water is a major public health problem threatening the lives of over 140 million people worldwide (Beck, 2007; Kahn, 2007) . Primary drinking water supplies are contaminated in Argentina, Chile, Mexico, China, Hungary, Cambodia, Vietnam, West Bengal (India), Bangladesh, and areas of the United States, and more contamination continues to be discovered. Bangladesh is the hardest hit, with 35 -77 million of its citizens exposed to levels well above the World Health Organization's maximum recommended limit (10 ppb). The sheer magnitude of the population exposed has lead the situation to aptly be called "the largest mass poisoning of a population in history" (Smith et al., 2000) .
The health effects of arsenic poisoning vary widely in severity, from chronic fatigue to deadly cancers (Chowdhury et al., 2000) . Symptoms have a latency period of 5 to 20 years, making early detection difficult. Poor nutrition, common in the midst of poverty, is known to exacerbate the toxic effects of arsenic, especially in children (Rahman et al., 2005) . Increased health costs, loss of productivity and income, and social exclusion can be perilous to a family at subsistence-level living 1 .
There are two primary categories into which safe water approaches fall -switching to alternative arsenic-free water sources and remediation of arsenic contaminated sources. The former category includes installation of deep tube wells (which are more likely to be arsenic-free), treatment of surface waters (e.g. Pond Sand Filters or shallow dugwells), and rainwater harvesting. Arsenic remediation efforts have primarily focused on household filters for contaminated wells. Arsenic removal is often based on adsorption onto a relatively low-cost chemical sorbent added to the water, such as zero-valent iron, granular ferric hydroxide or activated alumina. Each safe water option varies in capital and recurring costs, levels of maintenance, water quality, water flow-rate, social acceptability and other external factors.
Of the arsenic-free sources, the installation of deep tube wells is a strong preference among users (Hoque et al., 2004) . However, deep tube wells are expensive, are only feasible where deep arsenicfree aquifers exist, and must be installed properly to avoid cross-contamination from shallow aquifers.
There is also concern that increased pumping from deep aquifers could draw arsenic in from shallow counterparts (Yu, 2003) . Household based point-of-use (POU) filters have been plagued by high abandonment rates after a short time (Ahmad et al., 2003; Hoque et al., 2004; Vergara, 2007) , due to difficult maintenance or operation, the amount of attention required for operation, and low cultural acceptability. In addition, chemical adsorbents used in filters have limited effectiveness in removing As(III), which makes up about 70-90% of the total arsenic measured in Bangladeshi tube wells (Bhattacharya et al., 2002) .
In light of the repeated problems with household filter adoption and the continuing prevalence of arsenic in drinking water in Bangladesh, researchers at LBNL have recognized the need to be innovative in both technology and implementation. This interdisciplinary approach has led to the development of an efficient, effective, and low cost electricity-based technology known as ElectroChemical Arsenic Remediation (ECAR) for rural Bangladesh. This technology has a number of advantages over chemical adsorbents (discussed below) along with some additional challenges, such as the need for electricity. Electricity-based technologies are less appropriate for household filters in rural areas with limited electricity access. However, when partnered with an appropriate community scale implementation scheme, electricity-based technologies such as ECAR can be viable and beneficial to rural areas.
In the following, we present background on ECAR technology as well as initial performance results in synthetic Bangladesh groundwater and real groundwater collected in Bangladesh. We explore the effect of several ECAR operating conditions on removal efficiency and discuss ways that these parameters might be used to optimize efficiency based on local water conditions. We also discuss the advantages, potential risks, and policy implications of one possible implementation scheme -a community clean water center operating under full cost recovery -that is compatible with ECAR technology in rural and potentially non-electrified areas.
ECAR performance and parameter optimization

Background
In ElectroChemical Arsenic Remediation (ECAR), electricity is used to continuously dissolve iron, forming a combination of corrosion products such as ferric hydroxides, oxyhydroxides, and oxides (i.e. rust). These products together form an electrochemically-generated adsorbent, or EGA, with a high affinity for arsenic. EGA is manufactured at the time of use, eliminating the need for a costly supply chain. In addition, electrochemical processes greatly enhance the arsenic removal capacity (i.e. arsenic removed per unit iron input) of ECAR relative to the chemical addition of ferric salts or metallic iron. This is due to (i) an increase in the rate of rust production (by factors of 10 to 100 over natural rusting rate of metallic iron), and (ii) the rapid electrochemical oxidation of As(III) to the more favorable As(V),which binds much more readily to iron-based adsorbents. Thus employing a small amount of electricity allows for a large increase in efficiency, lower operating costs and production of far less arsenic-laden waste than most chemical adsorbents. In addition, the electrodes are self-cleaning if current is alternated, reducing maintenance and eliminating the need to handle strong alkalies and corrosive acids for regeneration (required of activated alumina and other regenerative adsorbents).
ECAR treatment is closely related to electrocoagulation, which has been used to treat wastewater containing arsenic (Balasubramanian and Madhavan, 2001; Hansen et al., 2006) , foodstuff (Chen et al., 2000) , textile dyes (Vlyssides et al., 2000) , and fluorine (Mameri et al., 1998) among others contaminants. Electrocoagulation has also been proposed to treat potable water containing arsenic (Chen, 2004; Holt et al., 2002; Pouet and Grasmick, 1995) and successfully tested in the lab using Indian tap water (Kumar et al., 2004) and in the field using groundwater from La Comarca, Mexico (Parga et al., 2005) . ECAR differs from electrocoagulation by the addition of a post-electrolysis mixing stage in which the EGA is allowed to further interact with arsenic without continuous generation. This allows for some increased arsenic removal without consuming additional iron or electricity, improving the efficiency of ECAR.
ECAR treatment is controlled by several operating parameters that could potentially be tuned to local water conditions to maximize arsenic removal capacity. These parameters include current density and charge density.
Current density is the operating current divided by the active surface area of the electrode (in mA/cm 2 ). It affects the composition of corrosion products making up EGA. Different corrosion products may have different affinities for arsenic, and the ability to control the composition of EGA allows for tuning to achieve the most effective adsorbent, a significant advantage over systems based on the natural rusting of zero-valent (i.e. metallic) iron. Design and cost tradeoffs with current density include the required power of an electricity source, which is based in part on operating current 2 , and the time required to achieve a certain dosage of EGA which is in turn related to treatment time.
Charge density is the amount of charge delivered per liter of water treated (in C/L). It is directly related to the amount of iron dissolved into solution, and therefore controls the dosage of EGA applied to the water. Cost tradeoffs include electricity and iron consumption, both of which increase linearly with charge density. The current density and charge density both depend on the operating current and are related to each other according to the following:
where q is the charge density, j is the current density, T cp is the current processing time (i.e. the amount of time that current flows between the electrodes), and A/V is the ratio between the active electrode surface area and the solution volume in the electrochemical cell.
Several researchers have looked at the effect of current density and charge density on removal efficiency in electrocoagulation. Chen et al. (2000) reported no effect of current density on oil and grease removal (pH 2.4, typical of wastewaters). Kumar et al. (2004) similarly reported no effect on arsenic removal efficiency within a range of j = 0.65 -1.53 mA/cm^2 (pH 6-8). Both Chen et al. (2000) and Kumar et al. (2004) named charge density as the major factor determining removal efficiency in electrocoagulation.
Several ions common in groundwaters, such as bicarbonate, phosphate, and silicate, have been known to decrease the arsenic removal capacity of iron-based adsorbents (Meng et al., 2000) . These ions are found in abundance in the groundwaters of Bangladesh (BGS, 2001) . However, to the authors' knowledge, prior to this work the parameters of electrocoagulation have not been systematically tested in the groundwater environment of Bangladesh.
Methods
Synthetic Bangladesh groundwater:
Batch experiments were performed with synthetic, arsenic-spiked groundwater designed to mimic the main characteristics of Bangladesh groundwater according to the British Geological Survey (BGS, 2001) . The average arsenic concentration of prepared batches was 560 +/-30 ppb, of which 290 +/-20 ppb is As(III). The total composition is shown in Table 1 . Batch Experiments using synthetic groundwater: Batch experiments were performed in an electrochemical cell using an iron anode and copper electrode. Contaminated water was treated in 3-liter batches using a galvanostatic current. Treated solution was stirred for an additional 60 minutes with no electrodes. All tests were duplicated and the results averaged.
Batch tests using real Bangladesh groundwater: Groundwater samples were obtained from several arsenic contaminated tube wells in rural villages of Jhikargachha, Abhaynagar, and Sonargaon Upazilas in Bangladesh. One liter of water from each well was collected after approximately 5 minutes of pumping (to avoid bacterial contamination and oxygenated water in the well head) and stored in tightly capped polyethylene bottles filled to the brim. Sample bottles were stored in a cool dark place (to avoid algae growth and photo-oxidation) for approximately two weeks before testing 3 . Initial arsenic concentrations at the time of collection ranged from 350-700 ppb, however concentrations measured immediately before treatment were 100-500 ppb. This is likely due to arsenic complexation with naturally precipitating iron compounds already present in the groundwater. Indeed, a brown precipitate (characteristic of iron hydroxides) appeared in the samples a few hours after collection. Arsenic removal capacity was assessed with respect to the arsenic concentration immediately before treatment. The applied charge density was double or more the charge density required to remove equivalent amounts of arsenic in synthetic groundwater. The treatment process was similar to that described above, with the exception of an older cell design that physically separated the cathode from the anode using a Schott porous glass frit filter. Internal tests showed no difference in arsenic removal between the two cell designs.
Chemical Analysis: Aqueous arsenic concentrations were determined by inductively coupled plasma (ICP) mass spectroscopy (Curtis & Tompkins, Ltd Analytical Laboratory, Berkeley, CA) with a reported accuracy of 10%. The background concentration of arsenic in our deionized water was found to be negligible.
Results
Batch tests in synthetic Bangladesh groundwater
Synthetic Bangladesh groundwater spiked with 300 ppb As(III) and 300 ppb As(V) was treated at current densities J = 0.02, 1.1 and 5.0 mA/cm 2 . Figure 1 shows that the arsenic concentration in each case was reduced to the WHO limit or below after passing a charge density of q = 25, 150, and 175 C/L respectively. Contrary to the results of Kumar et al. (2004) and Chen at al. (2000) , Figure 1 shows a clear distinction in removal capacity (in ppb-removed per coulomb) with current density. In fact, treatment at current density 0.02 mA/cm 2 appears to have a removal capacity six times higher than treatment at 1.1 mA/cm 2 -a significant increase. This discrepancy with Kumar et al. (2004) could be due to the narrow range of current densities probed by the group (J = 0.65 -1.53 mA/cm 2 ). Because the current density is expected to affect the composition of the adsorbent, the removal capacity is likely to be constant over certain ranges of current density (with roughly the same composition), rather than a continuous function of current density. In addition, these ranges would be specific to the contaminant in question. The general findings of Chen et al. (2000) , who used oil and grease, could be irrelevant in this case.
The discrepancy could also be due to some influence of current processing time, T cp , which is independent of charge density. T cp affects certain electrochemical processes that can affect arsenic removal, such as electrochemical oxidation of As(III) and coagulation enhanced by the electric field. This potential effect is a subject of ongoing research. These results suggest that current density and charge density are both important parameters governing the performance of ECAR treatment in Bangladesh groundwater. It is worthwhile to note that some or all of the changes in removal capacity at different current densities may be due to background electrochemical processes, such as oxygen evolution, that may become more prevalent at higher current densities. In this case, the composition of EGA may not change, but the diversion of electrons to alternate processes would diminish the amount of iron dissolved into the water relative to lower current densities, thereby diminishing the amount of arsenic removed. Causes for the observed trends are being investigated currently.
Batch tests using real Bangladesh groundwater
In addition to synthetic Bangladesh groundwater, ECAR was used to treat real arsenic-contaminated groundwater from three sub-districts of Bangladesh, including Jhikargachha, Abhaynagar, and Sonargaon. Pre-and post-treatment arsenic concentrations are shown in Figure 2 for the tube well water as well as synthetic Bangladesh groundwater treated at the same time using the same electrochemical cell. Pre-treatment arsenic concentrations in the tube well samples ranged from 93 -510 ppb. The high concentration is greater than that measured in 96% of contaminated tube wells in Bangladesh (BGS, 2001) . In every case, ECAR was able to reduce arsenic concentrations below the WHO recommended limit of 10 ppb. 
Operating costs and waste estimates
Operating cost estimates are possible based on research results suggesting a dosage of q = 150 C/L at J = 1.1 mA/cm 2 for Bangladesh groundwater. Exact operating conditions (current and voltage) will depend on the final electrode area and available voltage sources. However, if we assume a 12V source (i.e. a car battery or photovoltaic system) and an operating current of 1 amp (assuming a reasonable electrode area of ∼1000 cm 2 ), we find that the power consumption per liter is 5⋅10 -4 kWh. Assuming the highest price scenario, and using US $0.50 per kWh for photovoltaic electricity (PV) and 10 liters/person/day for drinking water, this amounts to $0.0025 per person per day. Costs can be further reduced by tailoring the treatment to local water conditions, including the initial arsenic concentration and amount of bicarbonate, phosphate, and silicate present in the groundwater.
The cost of the iron electrode itself, the only consumable in the process, can be factored in. Passing 150 C/L dissolves 290 mg Fe/person/day (assuming all becomes Fe 3+ , and 10 L/person/day). Using the cost of iron nails in Bangladesh 4 (US $4.40/kg) this adds about $0.0013/person/day to the cost of ECAR treatment, meaning the total cost of operation with PV (including consumables) is $0.0038 per person per day, well below US 1¢.The total cost per household per year (assuming a 6 person household) is US $8.32.
In the ECAR process, arsenic-laden EGA sludge is separated from potable water and must be disposed. During lab tests, the sludge produced from treatment at 150 C/L extrapolated to 10 liters per person per day amounts to only 120 grams/person/year. This is significantly less than the waste produced by many point-of-use household filters.
Technology Implementation
The most common implementation scheme for arsenic treatment in Bangladesh is the distribution of household filters containing a low cost arsenic adsorbent. A household implementation scheme requires each family to properly maintain a filter system. This requirement leads to a number of undesirable results. Filter maintenance is time consuming, and high abandonment rates of household filter systems are attributed in large part to the amount of maintenance and attention required (Ahmad et al., 2003) . In addition, households have no ability to monitor arsenic concentrations and thus no feedback to determine when maintenance or replacement is required,meaning that some households making every attempt to treat their water are drinking arsenic-contaminated water. The lack of monitoring capability also adds to inefficiency of arsenic removal, since adsorbent dosages must be overestimated to cover the highest possible arsenic concentrations and harshest possible composition of ions that compete with arsenic for adsorbent sites. Finally, household systems limit the available technologies to those that can be powered in a rural area, usually omitting highly efficient technologies that require electricity.
An alternative to household implementation is a community clean water center with full cost recovery. This means that clean water would be sold at an affordable price from a central community location. Studies have shown a strong preference for community scale treatment over household filters (Ahmad et al., 2003) . A community center is advantageous because it (1) removes the burden of maintenance from the households, (2) allows for centralized monitoring of water quality, both ensuring that the treated water continues to be safe and allowing treatment to be tailored to local water conditions, lowering costs and waste, and (3) allows for rapid upgrades as new safer or lower cost technology is developed. A community system operating under full cost recovery is key to providing sustainable water treatment over time. A modest profit would provide an incentive for local stakeholders to efficiently maintain the system, tailor the technology to local conditions, monitor water quality, and upgrade the technology as appropriate. Importantly, it would also allow Bangladeshis to reap the benefits of electric technologies such as ECAR.
ECAR technology is very compatible with a community clean water center operating under full cost recovery. Operating costs, including electricity and consumable iron, are estimated to be very low ($0.0038/person/day or $8.32/household/year; see above). Waste produced is very low (120 grams/person/year). The iron required is very low, reducing the need for a continuous supply chain (the full amount of iron need for a center serving 6000 people is only 635 kg per year, which could be supplied in a single shipment). The constant current circuitry required is simple, robust, and readily available. Electrochemical cleaning of the electrodes can be achieved by switching the current direction once per day (avoiding the use of toxic or corrosive regeneration chemicals). ECAR technology is scalable. Finally, initial tests (presented above) show that ECAR is very effective at reducing high levels (500-600 ppb) of arsenic in Bangladesh groundwater, including both As(V) and As(III), to below the WHO recommended maximum limit of 10 ppb.
Policy Implications
The community clean water center with full cost recovery model has been successfully implemented in India through the use of public-private partnerships (PPP). WaterHealth International 5 (Irvine, CA)
provides clean drinking water to more than a million people in rural Indian villages through publiclyowned, privately-managed village-scale water treatment centers. For WaterHealth, the PPP is a partnership between a local financial institution, a local NGO, a private company constructing and maintaining the treatment center, and the local village government. Users pay a small fee (~ 2.5 US cents per 10 liters) to collect clean water from the treatment center, covering the capital and operating costs as well as a modest profit. Participation by the financial institution allows for low upfront costs to the village. The center is paid off over 8 years.
The PPP model is an innovative way to balance the tradeoffs between public and private water treatment. Community participation is encouraged through the partnership with the local government and liaison activities provided by the local NGO. The ability to retain a modest profit encourages tailoring services to the local conditions and demands 6 , as well as using new technologies to cut costs without sacrificing water quality. Water quality monitoring and affordability can be enforced by local government ownership of the treatment center. Policy should encourage and incentivize these partnerships to allow for rapid scale-up of clean water provision throughout Bangladesh.
Next Steps -Field Testing a Prototype
A small-scale continuous flow prototype device based on ECAR technology has been built ( Figure 3 ). The prototype was found to successfully reduce 600 ppb As to below the WHO limit in synthetic Bangladesh groundwater (data to be published at a later date). The prototype was recently operated in Bangladesh and arsenic-contaminated region of Cambodia, achieving very promising results. It is currently being prepared for more rigorous field-testing in Bangladesh. 
Conclusions
Electrochemical arsenic remediation (ECAR) has been successfully tested in synthetic Bangladesh water and found capable of reducing 600 ppb As (including 300 ppb As(III)) to below the WHO recommended limit of 10 ppb. The effect of current density and change density has been explored and each has been found to affect arsenic removal capacity in some way. In general, it was found that removal capacity increased in the order of j = 0.02 mA/cm 2 > 1.1 mA/cm 2 > 5.0 mA/cm 2 , though further exploration of the independent effect of current processing time is needed. The charge density requirements to reach the WHO limit vary with current density. The most viable conditions tested (based on a treatment time < 3 hours) were j = 1.1 mA/cm 2 and q = 150 C/L.
ECAR treatment has been used to treat real Bangladesh groundwater with initial arsenic concentrations between 93 -510 ppb. In all cases, ECAR was able to reduce arsenic levels to below the WHO limit.
In light of the failure to achieve widespread adoption of household filters in Bangladesh, we propose a community clean water centers with full cost recovery. This not only improves upon the household model, but also makes electricity-based technology viable in potentially non-electrified rural areas. ECAR technology is very compatible with this model due to its low estimated operating cost ($0.0038/person/day including a PV electricity supply and consumable iron), low waste output (120 grams/person/year), easy maintenance that requires no strong alkalies or corrosive acids, limited supply chain needs, and scalability. Public-private partnerships (PPP) should be encouraged by policy to ensure sustainable operation and rapid scale up of community clean water centers.
